Reynolds, E. 0. R., and Taghizadeh, A. (1974) . Archives of Disease in Childhood, 49,505. Improved prognosis ofinfants mechanically ventilated for hyaline membrane disease. The results of mechanical ventilation for severe hyaline membrane disease (HMD), and the changes in technique which took place, during the 6-year period 1967-72 are described. A pilot study of the effect of hydrocortisone among the most severely affected infants showed no benefit. After the introduction at the beginning of 1970 of a regimen for ventilating the infants at low peak airway pressures, slow respiratory frequencies, and high inspiration: expiration ratios, there was a sudden increase in survival rate which was largely accounted for by a reduction in the incidence of bronchopulmonary dysplasia. Evidence is presented that in infants with HMD mechanical factors are more important than oxygen toxicity in the pathogenesis of this condition.
Mechanical ventilation has been widely used in the management of HMD for the past 10 years (Thomas et al., 1965; Cooke et al., 1967; Adamson et al., 1968; Heese et al., 1970; Linsao et al., 1970; Reynolds, 1970b; Stahlman et al., 1970; Stem et al., 1970; Daily, Sunshine, and Smith, 1971; Chernick and Vidyasagar, 1972; Cumarasamy et al., 1973) . Our own interest in this form of treatment began at the end of 1965, and from early 1966 onwards all infants weighing more than 1000 g who were so severely affected by the illness that their chances of intact survival seemed severely jeopardized have been ventilated. During the years 1966-69 our survival rate for ventilated infants was low (Adamson et al., 1968; Reynolds, 1970b) , and more than half of those who died were found to have the changes of bronchopulmonary dysplasia at necropsy (Hawker, Reynolds, and Taghizadeh, 1967; Northway, Rosan, and Porter, 1967) . From pathological studies (Hawker et al., 1967) it appeared possible that at least two potentially preventable factors might be involved in the pathogenesis of bronchopulmonary dysplasia: mechanical trauma to the lung from the use of very high peak airway pressures and fast respiratory frequencies during the phase of surfactant deficiency, and pulmonary oxygen toxicity. Experiments were therefore Received 29 November 1973. started in 1969 (Reynolds, 1971; Herman and Reynolds, 1973) in order to find ways of ventilating the infants at lower peak airway pressures and oxygen concentrations reduced as far as possible below 100%. After the application at the beginning of 1970 of results from the first series of experiments, a sudden increase in survival rate took place, together with a diminution in the incidence of bronchopulmonary dysplasia.
The purpose of this report is to present our results for the years 1967-72 (Peterson and Pendleton, 1955) obtained at 4 hours of age or subsequently. (4) An arterial oxygen tension (Pao2) after the first 4 hours of life of less than 90 mmHg while breathing more than 60% oxygen. The diagnosis in infants needing mechanical ventilation from birth or shortly afterwards was based on criteria (2), (3), and (4). By considering only infants meeting these criteria we hope to have excluded mild cases of HMD in whom a definite diagnosis is difficult or impossible to make during life, as well as infants with other respiratory illnesses.
Management. The general management of infants with HMD cared for at this hospital has been detailed elsewhere (Adamson et al., 1968; Reynolds, 1970a Reynolds, , b, 1974 and is summarized as follows. Infants at risk born in the hospital were carefully observed during labour in order to minimize the chances of intrapartum hypoxia. Paediatricians were present at delivery, and rapid resuscitation using endotracheal intubation, intravenous sodium bicarbonate solution, and external cardiac massage was performed as indicated. Infants transferred from other hospitals were almost always collected in a portable incubator by a member of the medical or nursing staff trained in resuscitation. Since early 1968 the portable incubator was equipped with facilities for mechanical ventilation in transit, should this prove necessary (Blake et al., 1970a) .
After admission to the Neonatal Unit, the infants were nursed in incubators in a neutral thermal environment. Frequent arterial blood samples were obtained from indwelling umbilical arterial catheters or by puncture of peripheral arteries and measurements of Pao2, Paco2, pH, and base excess were made within the unit using Radiometer equipment. The inspired oxygen concentration was measured with a Beckman or Tekmar oxygen analyser and regulated to produce, if possible, a Pao2 in the range 50 to 90 mmHg. If a substantial negative base excess was found, it was partially or totally corrected with intravenous 5% sodium bicarbonate solution administered slowly through the arterial catheter or intravenously through an umbilical vein catheter or a peripheral vein.
All infants were carefully observed by nurses trained in endotracheal intubation. Cardiac ratemeters were used for monitoring, together with, from early 1969, apnoea alarm mattresses (Blake et al., 1970b) . Arterial blood pressure was measured in some infants with a Sanborn strain gauge transducer attached to the umbilical artery catheter.
Oral feeding with expressed breast milk was started as soon as possible, through a fine indwelling nasogastric tube. In most infants about half the fluid requirement for the first 48 to 72 hours was supplied by this route and the remainder as an intravascular infusion of electrolytes and 10% dextrose. Oral feeding was reduced or stopped in the most severely affected infants, and since 1971 some of them have been partially or totally intraId Taghizadeh venously fed via an indwelling silicon rubber catheter (Shaw, 1973 (Reynolds, 1971) which showed that by using a pressure wave-form resembling a square wave, a slow respiratory frequency (30/min), and a high inspiration:expiration ratio ( (Herman and Reynolds, 1973) showed that the use of a positive end-expiratory pressure was also effective in improving Pao2, and this manoeuvre has been used routinely since mid-1972, mainly Steroid trial. Because of evidence that steroids were capable of stimulating the production of pulmonary surfactant in fetal lambs (Liggins, 1969) Necropsy. A full necropsy was performed between 4 hours and 2 days after death in 53 of the 60 infants who died. One lung, usually the right, was sectioned and pieces from each lobe were fixed in formol saline; the rest was fixed in formol calcium. The other lung was inflated by air at 20 to 60 cmH2O pressure, the exact pressure depending on that used terminally in life. The inflated lung was then fixed by formol calcium injection into the pulmonary artery until the solution running from the pulmonary veins was free of blood, after which it was suspended in a similar solution. Paraffin and frozen sections were prepared from inflated and noninflated lungs and stained with a variety of stains. In many cases a needle biopsy of the lung was obtained immediately after death, fixed in glutaraldehyde, and prepared for electron microscopy. Further details of the methods employed in examining the lungs are given elsewhere (Taghizadeh and Reynolds, 1975) .
Results
Because a sudden change in our methods of setting the ventilator occurred at the beginning of 1970, the results are presented in two 3-year periods, 1967-69 and 1970-72 , so that comparisons can be made. Most of the data were collected during the infant's admission to the unit. The significance of differences between proportions, including the distribution of birthweight by 500 g groups and gestation by 3-week periods, was analysed using X2, with Yates's correction when appropriate. Student's 't' test was used to test the difference between mean values.
Population and overall survival rate. The total number of infants admitted who fulfilled our criteria for a diagnosis of severe HMD, the numbers born in this hospital and those transferred from other institutions, and the mean birthweights, gestational ages, and survival rates for each category of infant are given in Table I . As expected, there CPAP. CPAP was frequently used to wean infants from the ventilator in the second 3-year period (Table III) .
Oxygen therapy. The inspired oxygen concentration during mechanical ventilation, the number of infants who breathed more than 80% oxygen for more than 100 hours (whether breathing spontaneously or during mechanical ventilation), Steroid trial. The median birthweight of the 8 infants treated with steroids was 1680 g (range 1420-2330 g), and of the 8 controls, 1580 g (range 1160-2520 g). The median gestational ages were 33 weeks (31-36 weeks) and 32 weeks (27-35 weeks), respectively. In each group 6 infants were boys and 2 were girls. 3 of the 8 infants survived in each group. The mean age at which ventilation started, duration of ventilation, and age at death were similar in the two groups. This pilot study of the effect of steroids in the most severely affected infants, therefore, showed no significant benefit of treatment and it was abandoned.
Necropsy. Detailed description of the necropsy findings will be published separately (Taghizadeh and Reynolds, 1975 Among the 7 infants in whom permission for necropsy was refused, bronchopulmonary dysplasia was diagnosed from the characteristic x-ray appearance (Northway et al., 1967) The age of starting mechanical ventilation (24 6±7.9 hr and 24 0±5 9 hr) and its duration (167-2±54-3 hr and 99-4±22 5 hr) were not significantly different in the 2 years. Table VI shows the proportion of infants ventilated, the survival rate, ventilator variables, and details of oxygen therapy. 1 ventilated infant (8%) survived in 1969, whereas 9 ventilated infants (56%) survived in 1970 (P <0 005). Highly significant reductions in peak airway pressure and respiratory frequency occurred between 1969 and 1970, but there were no significant alterations in inspired oxygen concentration on the ventilator, or in the number of infants who breathed an inspired oxygen concentration greater than 80% for more than 100 hours, though both tended to be less in 1970.
The number of ventilated infants who died is too small for statistical differences to be evident between the 2 years, but it is noteworthy that, in 1969, 6 (50%) out of 12 ventilated infants died from bronchopulmonary dysplasia, whereas the number of deaths with this condition in 1970 was 3 (19%) out of 16 ventilated infants.
Follow-up. At ages between 1 and 7 years all except 2 of the surviving infants appear to be progressing normally. These 2 infants, who weighed 1090 and 1260 g at 28 and 30 weeks' gestation, have developmental and neurological handicaps, 1 severe, and the other mild. No surviving infant has evidence of trauma to the upper airway or of pulmonary insufficiency.
Discussion
Reasons for alterations in ventilator management. The first aim of the alterations in ventilator management which took place at the end of 1969 was to reduce the incidence of bronchopulmonary dysplasia, which was killing many of our ventilated infants. Our preliminary pathological evidence tentatively implicating mechanical trauma to the lung, as well as oxygen toxicity, in the pathogenesis of bronchopulmonary dysplasia (Hawker et al., 1967) has subsequently been amplified and is detailed elsewhere (Taghizadeh and Reynolds, 1975 (Robinson et al., 1967; deLemos et al., 1969) . Since the most severely damaging lesions, which appeared early in the course of ventilator therapy, appeared to be associated with the use of high peak airway pressures and fast respiratory frequencies, we first tried to find means for ventilating the infants at lower pressures and lower frequencies. The use of a slow respiratory frequency together with a long inspiratory phase in order to maintain alveolar inflation for a large part of each breath enabled us to ventilate most infants at peak airway pressures of about 25 cmH2O, much less than had been our previous experience. Since the acute experiments which showed this technique to be effective in achieving good gas exchange at a low peak airway pressure were performed in 1969, it was possible to adopt a new regimen of ventilator management from the start of 1970, when all infants were ventilated at a respiratory frequency of about 30/min, a peak airway pressure of about 25 cmH2O, and an inspiration: expiration ratio of 1:1 or more (Tables  III and VI) . Initially, we continued to use very high concentrations of oxygen, but subsequently, from the beginning of 1971, the effect of a long inspiratory phase in improving Pao2 was employed to reduce the inspired oxygen concentration to a less toxic level. Further developments since that time have included the use of a positive end-expiratory pressure during ventilation, in order to retard or prevent alveolar collapse during expiration, and the introduction of CPAP during spontaneous breathing.
Change in survival rate. Criteria for the diagnosis of HMD vary widely in different institutions, and figures for survival rate are very sensitive to the number of mildly affected infants included in the analysis. Indications for initiating mechanical ventilation also vary, so that a high ventilator survival rate may merely reflect a low threshold for using this form of therapy. We have therefore not attempted to compare our results with those from other units. In order to find out if the survival rate of infants with HMD in our own unit changed after the introduction of different techniques for mechanical ventilation, we adopted stringent diagnostic criteria, and defined infants meeting these criteria as suffering from 'severe' HMD. A comparison was then made between the 3 years which preceded and the 3 years which followed this alteration in management.
The overall survival rate of infants with severe HMD was 55% in the first 3-year period, 1967-69, and 69% in the second period, (Table I) . The survival rate of mechanically ventilated infants increased from 11% in 1967-69 to 49% in 1970-72 (Table II) . During 1970-72 only 3 infants weighing more than 2000 g died from HMD ( Fig.) , 2 of these also had severe rhesus isoimmunization (one of whom was born without a heart beat) and the other also had an intrauterine infection with Esch. coli. The increase in the survival rate of ventilated infants cannot be attributed to a changing population, since the birthweight, gestational age, sex ratio, and the number of admissions from other hospitals did not differ significantly in the two 3-year periods (Table II) . Also, the proportion of infants subjected to mechanical ventilation was similar even though our indications for using this form of treatment had relaxed slightly in the second period. Since the care of the infants was under the close supervision of the same senior medical and nursing personnel throughout all 6 years, uniformity of management was assured.
Cause of death. Table IV shows that the increase in survival rate of ventilated infants was largely accounted for by a reduction in the proportion of infants dying with bronchopulmonary dysplasia. The high incidence of intraventricular haemorrhage in infants who died with or without this condition was similar to that described by others (Harrison, Heese, and Klein, 1968; Fedrick and Butler, 1970) .
Reasons for increased survival rate and reduced incidence of bronchopulmonary dysplasia. The increase in survival rate of our ventilated infants and the fall in the incidence of bronchopulmonary dysplasia occurred at precisely the time when we introduced our regimen for ventilating the infants at low peak airway pressures, slow respiratory frequencies, and high inspiration: expiration ratios. An attempt to start a controlled trial of our new methods for setting the ventilator against the previous regimen was rapidly abandoned when it became clear that oxygenation could more readily be achieved using the new technique, so that we cannot state with complete certainty that the alterations in ventilator management were definitely responsible for the improved prognosis of the infants. Nevertheless, it is extremely difficult to attribute so sudden a change to anything else.
Since the increase in survival rate was largely due to a reduction in the incidence of bronchopulmonary dysplasia, we believe that our hypothesis that mechanical trauma is an important factor in the pathogenesis of this condition has received strong support. Most authorities have considered that bronchopulmonary dysplasia was due largely to the use of high inspired oxygen concentrations, but the condition has yet to be described in infants who have not been treated by mechanical ventilation, and the difficulties of separating the effect of ventilation from the toxic effects of oxygen have repeatedly been pointed out (Becker and Koppe, 1969; Pusey, Macpherson, and Chernick, 1969; Banerjee, Girling, and Wigglesworth, 1972; Mikity and Taber, 1973) . By comparing data for the year 1969 with 1970 (Table VI) , it is apparent that our change in survival rate and incidence of bronchopulmonary dysplasia occurred in association with a reduction in peak airway pressure and respiratory frequency, and before a significant reduction in inspired oxygen concentration had been achieved. Further evidence suggesting that oxygen breathing is not the most important factor in the pathogenesis of bronchopulmonary dysplasia comes from the finding that 7 nonventilated infants in the present study breathed oxygen concentrations greater than 80% for 5 days or more, yet made a rapid and complete recovery, whereas 6 ventilated infants breathing similar concentrations of oxygen died at 5 days of age from bronchopulmonary dysplasia.
Even though it seems likely from our data that mechanical trauma to the lung is importantly involved in the pathogenesis of bronchopulmonary dysplasia, there is little doubt that oxygen toxicity also has a role in causing or exacerbating the condition (Robinson et al., 1967; deLemos et al., 1969; Stern, 1973 We do not wish to imply that mechanical trauma to the lung and damage due to breathing high concentrations of oxygen are the only causes of lung fibrosis in mechanically ventilated infants. We have observed it in other infants usually born after 28 weeks' gestation or less who have needed mechanical ventilation because of 'apnoea of prematurity'. When ventilation was continued for many weeks at low airway pressures and low inspired oxygen concentrations, some of these infants developed fibrotic lesions which seemed to be due to uneven airways obstruction, possibly due to inspissated secretions, with consequent atelectasis and fibrosis.
Effect of steroids. The reason for undertaking a pilot study of the effect of cortisol on the most severely affected infants was that Liggins (1969) and others (deLemos et al., 1970; Motoyama et al., 1971) had shown that steroids were capable of potentiating surfactant production in the lungs of fetal animals. It seemed possible that a similar effect might occur after birth and diminish the length of time that the infants were exposed to mechanical ventilation and oxygen breathing. Our failure to show any benefit from steroids is in keeping with the much larger study of Baden et al. (1972) .
Place of mechanical ventilation in management of HMD. With recent advances in the management of HMD, such as prenatal detection of infants at risk (Gluck and Kulovich, 1973) and the possibility of the stimulation of surfactant production before delivery (Liggins and Howie, 1972) , together with the use of CPAP during spontaneous breathing, it is very much hoped that the need for mechanical ventilation will steadily diminish. Nevertheless, the most severely affected infants continue to require this form of treatment and it is therefore important that methods of ventilation should be available which give a good prospect of recovery without damage to the brain or lungs. The use of methods which allow the infants to be ventilated at low peak airway pressures and oxygen concentrations below 100% seem to provide such a prospect.
Intraventricular haemorrhage. Intraventricular haemorrhage is now the most important cause of death in our ventilated infants. If methods could be developed for its prevention probably few but the very smallest infants would die. An association between the occurrence of intraventricular haemorrhage and hypoxia is well known (Harrison et al., 1968; Fedrick and Butler, 1970) , and the most important part ofthe mechanism of the haemorrhage may be that an asphyxial episode causes heart failure with a large rise in venous pressure and rupture of the terminal vein, which is the usual site of bleeding (Cole et al., 1974 
